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Abstract 
Concerning most of track-and-field athletics such as the marathon, it is important to elucidate the flow around track 
runners, and to evaluate their air resistances. We can find such studies since the 1920s. In wind-tunnel experiments 
which are the most effective approaches to such studies, a moving-belt system is indispensable for precise 
aerodynamic measurements considering the ground effect. In the present study, using a moving-belt system, the 
authors investigate the air resistance of a runnerin solo running and in duet running. Especially for duet running, the 
authors reveal the optimum tandem-running formation where a following runner behind a pacemaker experiences the 
minimum air resistance, which is denser in comparison to the conventional wind tunnel experiment with no moving-
belt system. 
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1. Introduction  
Aerodynamics often becomes a crucial factor in various aspects of sports. Concerning most of track-
and-field athletics such as the marathon, it is important to elucidate the flow around track runners, and to 
evaluate their air resistances.  
We can find such a study since the 1920s. Du Bois-Reymond (1925) [1] and Hill (1927) [2] conducted 
wind-tunnel experiments, and reported the fluid force acting on human models at various wind speeds. ٕ
Incidentally, their experimental results are close to each other.ٕ According to Hill, the air resistance to a 
track runner is related with (1) air density, (2) his projected area and (3) the square of his running speed, 
and corresponds to 3 – 5 % to his total energy. While Pugh (1970) [3] did not conduct any wind-tunnel 
experiments, he investigated the relation between the oxygen intake and the air resistance. According to 
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Pugh, the contribution of the air resistance is much larger, which is about 8 % of the total energy for a 
5000-meter race and about 16 % for a 100-meter sprint. Afterwards, Pugh (1971) [4] further investigated 
the air resistance to a runner/walker, focusing on the oxygen intake. Besides, he discussed the influence 
of the pacemaker upon the following runners. Recently, concerning this influenceof the pacemaker upon 
the following runners, Ito (2006) [5] carried out wind-tunnel experiments in addition to numerical 
analyses. The wind-tunnel experiment is one of the most effective approaches to such a study, in 
comparison with numerical analyses, field measurements and so on.  In the wind-tunnel experiment, the 
moving-belt system is indispensable for precise aerodynamic measurements considering the ground 
effect. The ground effect for moving objects just on the ground is an interesting topic from both 
theoretical and practical points of view. In fact, the moving-belt system has progressively become 
important for accurate simulations of the ground effect in wind tunnels in order to investigate the 
aerodynamic characteristics of scaled models of land vehicles such as cars, trucks and trains, and those of 
taking-off/landing air planes (see Refs. [6] – [11]). However, in the track-and-field athletics, there have 
been no accurate wind-tunnel measurements using the moving-belt system. 
In the present study, we develop a moving-belt system for fundamental and accurate wind-tunnel 
experiments concerning the ground effect, and show its basic performance such as the profiles of time-
mean flow velocity and turbulence intensity above the moving belt of the system using a hot-wire 
anemometer. In order to show the effectivity of the moving-belt system, we evaluate the aerodynamic 
characteristics of a track runner in solo running. Furthermore, we attempt to investigate the air resistance 
of a runner in duet running with various tandem-running formations, and reveal the optimum formation 
where a following runner behind a pacemaker experiences the minimum air resistance, which is denser in 
comparison to the conventional wind-tunnel experiment with no moving-belt system. 
2. Experimental Method 
2.1 Wind tunnel and moving-belt system 
Fig 1a shows a schematic diagram of the present experimental apparatus. We use a closed-return 
(Gottingen-type) low-speed wind tunnel at Doshisha University. The wind tunnel has a test section (No. 1 
in the figure 1a) with a square cross section of 1,000 mm u 1,000 mm. The range of the mean velocity U෱ 
of mainstream is 5.0 m/s – 30 m/s. All the present experiments are conducted at U෱ = 10 m/s, where 
turbulence intensity is less than 0.2 %. 
The moving-belt system consists of a back plate (No. 6), a AC driving motor (No. 2), a coupling, a 
driving roller (No. 3), a following roller (No. 7), a tension roller (No. 5), pulleys, V-belts and a front 
ground plate (No. 8) with the grating for a boundary-layer suction control (hereinafter, referred to as 
BLSC), together with a moving belt (No. 4) itself with a thickness of 3 mm. The BLSC consists of a 
chamber (No. 9) and a cross-flow fan (No. 10), which is placed beneath the grating of the front ground 
plate. Fig 1b shows main dimensions of the moving-belt system, together with the present coordinate 
system. The origin O is at the centre of the downstream end of the front ground plate. Both the x and z 
axes are horizontal in streamwise and cross-streamwise directions, respectively. The y axis is vertical.  
2.2 Track-runner model 
  Fig 1c shows a photograph of a wind-tunnel test section with a track-runner model, which is hung by 
a wing-shape-cross-section cylinder attached to a load cell. All the track-runner models, which are hung 
by the wing-shape cylinder, are stationary without moving legs or arms. So, we consider typical three 
running postures of the model, to obtain averaged results over the three. Fig 2a shows the details of a 
track-runner model in a running posture with a right leg back and a left leg front. If we consider duet 
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running, we introduce an auxiliary coordinate system. Fig 2b shows a pacemaker and a following runner 
in tandem-running formation, together with the auxiliary coordinate system. 
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Fig. 1. (a) Schematic diagram of a moving-belt system; (b) Dimensions of a moving-belt system, together with a coordinate system 
(unit: mm); (c) Photograph of a wind-tunnel test section with a track-runner model on a moving-belt system 
3. Results and discussion 
3.1 Basic performance of moving-belt system 
We reveal mean-velocity profiles on the moving belt, at x = 200 mm – 1,000 mm on the centre line (at 
z = 0 mm). Fig 3a shows an example of the profiles at x = 600 mm and Vb  10 m/s. Specifically 
speaking, the abscissa represents the time-mean flow velocity u  normalised by the mean velocity U෱ of 
mainstream. And, the ordinate represents the vertical coordinate y normalised by the boundary-layer 
thickness į. In the figure, open circles denotes the results for the moving-belt system in operation; namely, 
the results on a moving belt with the BLSC. Both solid symbols denote the results for the moving-belt 
system in out-of operation; namely solid squares and solid triangles for the results on a stationary moving 
belt with the BLSC and on a stationary moving belt without the BLSC, respectively.  
First, we cannot see any clear effects of the BLSC upon the mean-velocity profile, because the profile 
for the stationary belt with the BLSC almost coincides with that for the stationary belt without the BLSC. 
–Both the profiles are close to the typical turbulent boundary layer. We can confirm the similarity to the 
turbulent boundary layer concerning the boundary-layer thickness. – 
Second, if we compare the profile for the moving belt with both the profiles for the stationary belts, we 
can find an obvious improvement. Namely, we can achieve an almost flat profile by the moving-belt 
system. Strictly speaking, the value of u  is less than U෱ by about 5 %at y = 4 mm, where is the lowest 
among measuring positions on the moving belt to avoid the risk of moving-belt vibrations. This is 
considered to be related with the entrance length existing between the BLSC grating and the moving-belt 
upstream end. –From the mean-velocity profiles like Fig 3a, we can specify į  at several values of x, on 
the centre line (at z = 0 mm).  
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Fig. 2. (a) Details of a track-runner model in running posture (unit: mm); (b) Pacemaker and following runner in a tandem-running 
formation, together with an auxiliary coordinate system 
 
As well, we reveal turbulence-intensity profiles on the moving belt, at x = 200 mm – 1,000 mm. Fig 3b 
shows an example of the profiles at x = 600 mm and Vb = 10 m/s. Specifically speaking, as well as Fig 3a, 
the abscissa represents the turbulence intensity normalised by U෱. And, the ordinate represents the y
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normalised by į. Again, symbols in the figure, namely, open circles, solid squares and solid triangles are 
the same as those as defined in Fig 3a. 
First, we can see that the effect of the BLSC upon the turbulence-intensity profile is slight but not 
negligible.Specifically speaking, if we compare the stationary belt with the BLSC and that without the 
BLSC, u’/U෱ = 5.8 % and 7 % at y = 2 mm for the former and the latter, respectively. Then, the BLSC can 
achieve the improvement by 1.2 %. Moreover, inside the boundary layer (at y/į < 1), u’/U෱ for the former 
linearly decreases, as y/į increases. On the other hand, u’/U෱ for the latter keeps such a high value as 
about 7 %. Complimentarily speaking, outside the boundary layer (at y/į > 1), u’/U෱always equals about 
0.2 %, which is close to the original value of the present wind tunnel.  
Second, we compare to the moving belt with the BLSC to the stationary belt with the BLSC. By the 
moving belt operation, we can find an obvious improvement, namely, we can achieve a reduction to 
1.2 % of u'/U෱ at y = 4 mm. Strictly speaking, especially at y/į # 0.6, u'/U෱ attains 1.9 %. This is 
considered to be related with the locality influence just on the surface of the operating moving belt as 
described in Fig 3a. So, we can regard the strong and direct influence of the moving belt operation is 
restricted at y/į d 0.6. –Complimentarily speaking, outside the boundary layer (at y/į !1), u'/U෱ in the 
moving-belt operation is much larger than 0.2 %, everywhere. This is considered to be related with the 
measuring-system vibrations induced by the driving motor. 
   
 
 
 
 
 
Fig. 3. (a) Mean-velocity profile at x = 600 mm, z = 0 mm and Vb = 10 m/s; (b) Turbulence-intensity profile at x = 600 mm, z = 0 
mm and Vb = 10 m/s
3.2 Track-runner aerodynamics in solo running 
In order to show the effectivity and validity of the present moving-belt system, we evaluate the 
aerodynamic characteristics of a track runner as shown in Figs 1c and 2a. Fig 4a shows the flow 
visualisation by smoke in the leeward of a leg. This figure suggests the need to consider the ground 
effect. More specifically, we can observe an upward stream along the leg in figure (I), in contrast with an 
accompanying stream with a moving belt in figure (II). 
Table 1 summarises the results in solo running; namely the drag coefficient CD of the runner. To 
conclude, we can see an about 10 % increment of air resistance in comparison with the conventional 
result without the moving-belt system. As the interpretation for such a large air-resistance increment, we 
can suppose a change in flow pattern near/far the ground surface by the moving-belt operation as shown 
in Fig 4a, as well as a change in mean-velocity and turbulence intensity profiles by the moving-belt 
operation. And, the present result suggests that we are needed to consider the ground effect even to 
evaluate the aerodynamic characteristics of scaled models such as a runner of track-and-field athletics and 
marathon, where the moving-belt system is indispensable in wind-tunnel experiments. 
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3.3 Track-runner aerodynamics in duet running 
Finally, we consider the air resistance in duet running in order to reveal the optimum tandem-running 
formation where a following runner behind a pacemaker experiences the minimum air resistance. Fig 4b 
shows the drag coefficient CD of a following runner against reduced streamwise position X'FR/h of a 
following runner relative to a pacemaker at Z'FR/h = 0 and Re = 1.02×105 . We can see about a 20 – 25 
% increment of air resistance in comparison with the conventional result without the moving belt system.   
Fig 5a summarise the results in duet running. Specifically speaking, the figure shows the distribution 
of drag ratio Ș behind a pacemaker, at Re = 1.02×105. Crosses in the figure denote a measuring position. 
Colors represent the values of Ș as shown in a legend on the right hand of the figure. Figures (I) and (II) 
denote the results for the moving-belt operation and out-of operation, respectively. We can see that the 
optimum tandem-running formation is denser in comparison to the conventional wind tunnel experiment 
with no moving-belt system. In other words, the differences are within a certain distance range from the 
pacemaker –the results are the same, when the running far from the pacemaker.- 
Fig 5b shows the distribution of dynamic-pressure ratio ȗ behind a pacemaker by Pugh (1971) at Re = 
5.12×105, on stationary belt without BLSC.  A cross denotes a measuring position. In comparison to 
these measurements by him, we can confirm a similarity with the present results, not quantitatively but 
qualitatively. 
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Fig. 4. (a) Flow visualisation by smoke in the leeward of a leg (at Re = 1.02×105).  An arrow in figure (I) points to an upward stream 
along the leg, and an arrow in figure (II) points to an accompanying stream with a moving belt; (b) Drag coefficient CD against 
reduced streamwise position X 'FR/h of a following runner relative to a pacemaker (at Z'FR/h = 0 and Re = 1.02×105) 
 
Table 1. Drag coefficient CD of a following runner of a track runner in solo running 
 
 
 
 
 
 
 
 
 
 
 
 
Posture of a runner With a right leg back 
and a left leg front
Neutral With a right leg front 
and a left leg back
Average
On stationary belt 
without BLSC 1.44 1.28 1.55 1.43
On moving belt 
with BLSC
1.64 1.44 1.74 1.61
(II) On moving belt (I) On stationary belt 
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Fig. 5. (a) Distribution of drag ratio Ș behind a pacemaker (at Re = 1.02×105). A cross denotes a measuring position; (b) Distribution 
of dynamic-pressure ratio ȗ behind a pacemaker (at Re = 5.12×105, on stationary belt without BLSC; Pugh, 1971).  A cross denotes 
a measuring position 
4. Conclusion 
We have developed a moving-belt system for fundamental and accurate wind-tunnel experiments 
concerning the ground effects, and have shown its basic performance such as the distribution of time-
mean flow velocity and turbulence intensity above the moving-belt. 
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